Poly-(R)-3-hydroxyalkanoates (PHAs) are bacterial storage polyesters, which are accumulated by a wide variety of microorganisms as a reserve of carbon and energy. Currently, these biopolymers are receiving much attention because of their potential application as biodegradable and biocompatible plastics. The polymer appears as submicron intracellular granules. The biosynthesis of these granules has been studied extensively but many observations remain inexplicable. This paper draws an analogy between the process of emulsion polymerization and that of granule formation. This analogy may explain many of the unknown features of granule formation and may also lead to useful applications of granules as latex products.
INTRODUCTION
Poly-(R)-3-hydroxyalkanoates (PHAs) are linear biopotyesters, accumulated by a wide variety of bacteria as a reserve of carbon and energy [1, 2] . Due to their natural origin PHAs are truly biodegradable [3] . Moreover, like many synthetics, PHAs are thermoplastic materials which can be easily melt-processed. Because of their potential application as biodegradable and biocompatible plastics [4] , PHAs are currently receiving much attention.
Since Lemoigne [5] first isolated and characterized naturally abundant poly(hydroxybutyrate) in 1925,PHB has been extensively studied to elucidate its biosynthetic pathways. The polymer appears as distinct intracellular granules. In 1968 Ellar et al. [6] reported on the morphology of these granules and drew some analogies with the process of emulsion polymerization. They proposed that the polymerase enzymes are initially present as micelles which, upon subsequent polymerization, are transformed into crystalline granules. At present, how- ever, it is well established [7] that nascent PHB is in the amorphous state. Ballard et al. [8] also noted in passing that PHB granules resemble polymer latex particles but did not expand this similarity to the process of their formation. The applicability of PHA as a latex product has been evaluated by Marchessault et al. [9, 10] . In this paper we develop a novel analogy between the biosynthesis of the granules, which is not presently welt understood, and the well-studied process of emutsion polymerization, especially with regard to the physical chemistry of both processes.
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FEATURES OF PHA GRANULE FORMATION
Ballard et al. [8] determined the number and size of granules in AlcaIigenes eutrophus at intervals during PHB accumulation. He observed that the average number of granules per cell remained constant, so it appears that the number of granules per cell is fixed at the earliest stages of polymer accumulation. These granules increased uniformly for average diameters from 0.24 to 0.50/zm. At very high accumulation levels, however, granules often have very different diameters, ranging from 0.2 to 0.7 tzm in one cell [11] .
Several ultrastructural studies [11, 12] demon-1064-7564/93/0700-0223507.00/0 © 1993 Plenum Publishing Corporation strated that the PHA granules are surrounded by a membrane coat approximately 2 nm thick. This membrane seems structurally less complex than the cell membrane and, since it is too thin to be a bilayer membrane, may consist of a lipid monolayer [12] . No extraneous particles and no internal structures have been seen within the granules [1 t] and analysis [13] revealed that the granule polymer is of remarkable purity. Granules isolated from B. megaterium appeared to be composed of PHB polymer, lipid, and protein, representing some 97.7, 0.5, and 1.8%, respectively, of the granule weight. Phospholipids accounted for most of the lipid fraction and no neutral lipid was detected. The lipids and proteins are believed to constitute the membrane coat. Presently, the generally supported granule model is that of a coil of amorphous polymer chains surrounded by a layer of phospholipids and proteins, which stabilize the interface between the hydrophobic contents of the granule and the aqueous environment. The granule-associated proteins, only some of which are known to be involved in the polymerization and depotymerization reactions [14] [15] [16] , are located at this interface. Notably, both granule-associated and soluble polymerases, showing equal activity, were found to occur [17, 181. In the absence of polymer synthesis, the polymerase exists merely in the soluble form. Upon transition to conditions where PHB accumulation occurs, granule-associated PHB polymerase appears. Since the total amount of polymerase in the cells is constant, the rapid disappearance of soluble polymerase under these conditions is consistent with its association with PHB granules.
ANALOGY OF PHA BIOSYNTHESIS WITH EMULSION POLYMERIZATION
From the point of view of a polymer chemist, many of the experimentally observed features of granule formation can be explained by analogy with the process of emulsion polymerization. Of course, the analogous emulsion polymerization should involve a water-soluble monomer as is the case in PHA synthesis. In addition, it is known [19] that phospholipids are not able to form micelles under the accumulation conditions. In free radical emulsion polymerization the formation of latex particles in the absence of surfactant micelles occurs via homogeneous nucleation [20] [21] [22] . The basis of the homogeneous nucleation model is that water-soluble free radicals polymerize with water-solubilized monomer. When the oligomeric radicals so formed attain a certain degree of polymerization, they become insoluble and form a latex particle. Latex particle nucleation ceases when the latex particle surfaces present sufficient area to the aqueous phase radicals that these aqueous phase radicals adsorb onto existing latex particles rather than continuing to polymerize in the aqueous phase and becoming insoluble to form new particles.
Similar to free radical emulsion polymerization, high molecular weight polymer is being formed from the earliest stages of PHA accumulation [8, 23] . Molecular weights up to 1,200,000 have even been reported [24] . The synthesis of these biopolyesters obviously does not follow the familiar polycondensation scheme but involves some chain reaction. Initially the polymerase enzymes are in the cytosol. Under conditions of nutrient starvation they are triggered and start to grow polymer chains by apposition of the monomer. The greater part of the monomer is linked to coenzyme A (CoA), in which form it is available to the polymerase system. The polymerase acquires the 3-hydroxyacylCoA from the cytoplasm and deploys it to elongate a polymer chain while CoASH is released. This yields surfactant-like molecules with the polymerase enzyme as the hydrophilic headgroup and the oligomeric chain as the hydrophobic tail. As the chains grow they become increasingly hydrophobic, and at a certain degree of polymerization they will collapse in order to minimize their surface and form latex particles (Fig. 1) . Once sufficient surface has been created, any new nascent polymer chains will adsorb onto the surfaces of the existing latex particles, thus fixing the number of granules at an initial value. Since all polymerase enzymes are triggered at an early stage, the polymerase concentration in the cytoplasm rapidly decreases and all the enzyme becomes "granule associated." Some sporadic free enzyme which may be synthesized later or has desorbed from a surface will be caught by a granule surface as soon as it starts to grow a new polymer chain. Meanwhile the continuing production of polymer expands the granule, thus creating more surface area. Due to its hydrophobicity, this surface attracts surface-active species from the cytoplasm, e.g., proteins with an amphiphilic character and phospholipids which possess a structure similar to the surfactants used in emulsion polymerization. Moreover, desorption of polymerase leaves a carboxyl chain end [231] at the surface with concomitant stabilizing effects.
Since all granules are formed during the same period and grow at a rate according to their surface area, all granules grow at similar rates. This explains the monodispersity of the granule size during the early stages of polymerization. The ultimate polydispersity of the granule size may be attributed to limitations in the cellular volume. It was found [25] PHA accounted for 93 % of the volume increase of a cell, which implies that the granules possess a rapidly increasing packing density. This enhances coalescence of the granules, which indeed was observed by Tal and Okon [26] .
DISCUSSION
Obviously, an analogy between PHA granule formation and emulsion polymerization can be drawn. There are, however, some major differences which might make the kinetics of the PHA biosynthesis much more complex than a typical emulsion polymerization. The monomer is continuously synthesized via a cascade of reactions, the rate of which are subject to variation during the PHA accumulation. Moreover, the intermediates not only are used in polymer synthesis, but also are involved in other processes of the cell metabolism. Finally, Kawaguchi and Doi [23, 27] suggested that the simultaneous synthesis and degradation of PHA can occur. Nevertheless, the extensive knowledge of the kinetics of emutsion polymerization reactions can be used to help elucidate the mechanisms of granule formation in bacteria. Toward these aims, studies are currently under way utilizing kinetic experiments typical for emulsion polymerization to study bacterial polymerization. Preliminary results indicate that the analogy indeed explains many of the unknown features of granule formation [28] .
If PHA granules are synthesized according to an emulsion polymerization process, they may have applicability as a latex product [9, 10] . Most importantly, compared to conventional emulsion polymer latices PHA latices have some very special features. First, all present industrial emulsion polymerization processes involve radical polymerizations implying that the polymers produced possess a carbon backbone. Therefore, PHA lattices are unique since they are polyesters. Second, PHAs are completely biodegradable, creating numerous possibilities for their use, especially in environmentally benign applications. Third, upon subjecting granules of PHB or its copolymers to specific treatments, the polymer readily crystallizes [29] , resulting in a unique latex containing crystalline polymer. Many possible applications for these unique latices are foreseeable. We are presently studying these possibiIities.
